Epidemiological studies suggest that Mediterranean diets rich in resveratrol are associated with reduced risk of coronary artery disease. Resveratrol was also shown to confer vasoprotection in animal models of type 2 diabetes and aging. However, the mechanisms by which resveratrol exerts its antioxidative vasculoprotective effects are not completely understood. Using a nuclear factor-E 2-related factor-2 (Nrf2)/antioxidant response element-driven luciferase reporter gene assay, we found that in cultured coronary arterial endothelial cells, resveratrol, in a dose-dependent manner, significantly increases transcriptional activity of Nrf2. Accordingly, resveratrol significantly upregulates the expression of the Nrf2 target genes NAD(P)H:quinone oxidoreductase 1, ␥-glutamylcysteine synthetase, and heme oxygenase-1. Resveratrol treatment also significantly attenuated high glucose (30 mM)-induced mitochondrial and cellular oxidative stress (assessed by flow cytometry using MitoSox and dihydroethidine staining). The aforementioned effects of resveratrol were significantly attenuated by the small interfering RNA downregulation of Nrf2 or the overexpression of Kelch-like erythroid cell-derived protein 1, which inactivates Nrf2. To test the effects of resveratrol in vivo, we used mice fed a high-fat diet (HFD), which exhibit increased vascular oxidative stress associated with an impaired endothelial function. In HFD-fed Nrf2 ϩ/ϩ mice, resveratrol treatment attenuates oxidative stress (assessed by the Amplex red assay), improves acetylcholine-induced vasodilation, and inhibits apoptosis (assessed by measuring caspase-3 activity and DNA fragmentation) in branches of the femoral artery. In contrast, the aforementioned endothelial protective effects of resveratrol were diminished in HFD-fed Nrf2 Ϫ/Ϫ mice. Taken together, our results indicate that resveratrol both in vitro and in vivo confers endothelial protective effects which are mediated by the activation of Nrf2. endothelial cell; gracilis; resveratrol; nuclear factor-E2-related factor-2 RECENT STUDIES PROVIDE strong evidence that the treatment of laboratory rodents with resveratrol (3,4=,5-trihydroxystilbene), a plant-derived polyphenolic compound, exerts significant vasoprotective effects both in type 2 diabetes and during aging (29, 44, 48) . Recent studies also revealed that resveratrol improves the health and survival of mice with metabolic syndrome (1, 23). In addition, epidemiological studies suggest that Mediterranean diets which are rich in resveratrol are associated with a significantly reduced risk of cardiovascular disease in humans as well (16, 19) . However, the molecular mechanisms that underlie the beneficial effects of resveratrol on cardiovascular function remain incompletely understood (35).
gest that Mediterranean diets which are rich in resveratrol are associated with a significantly reduced risk of cardiovascular disease in humans as well (16, 19) . However, the molecular mechanisms that underlie the beneficial effects of resveratrol on cardiovascular function remain incompletely understood (35) .
Nuclear factor-E 2 -related factor-2 (Nrf2) is a transcription factor that regulates the expression of numerous reactive oxygen species (ROS) detoxifying and antioxidant genes. Recent studies suggest that the Nrf2/antioxidant response element (ARE) pathway can be activated both pharmacologically and by dietary means (30) . Under basal nonactivated conditions, Nrf2 interacts with Kelch-like erythroid cell-derived protein 1 (Keap-1), a cytosolic repressor protein, and limits Nrf2-mediated gene expression. Upon activation, the Keap-1-Nrf2 complex is dissociated and Nrf2 triggers the expression of genes mediated by the ARE to attenuate cellular oxidative stress. When Nrf2 is released from Keap-1 and translocates to the nucleus, it binds to ARE and activates ARE-dependent transcription of phase II and antioxidant defense enzymes, including NAD(P)H:quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (Hmox1). The Nrf2/ARE pathway also controls the expression of ␥-glutamylcysteine synthetase (GCLC), the rate-limiting enzyme for glutathione (GSH) synthesis.
The present study was designed to determine whether the vasoprotective effects of resveratrol are mediated, at least in part, by the activation of Nrf2. We base this hypothesis on several lines of evidence. First, we have shown that resveratrol in cultured coronary arterial endothelial cells (CAECs) upregulates Nrf2/ARE-dependent antioxidant enzymes, including Hmox1 and glutathione peroxidase (40) and effectively decreases oxidative stress induced by inflammatory stimuli and metabolic stressors (40, 43) . Second, resveratrol upregulates cellular antioxidant defense mechanisms protecting endothelial cells against oxidative stress in aging, diabetes (29, 48) , and cigarette smoking (9, 21) in vivo. Third, resveratrol increases cellular GSH levels in cultured CAECs (43) , as well as in other cell types (21) . Fourth, resveratrol appears to act as a "caloric restriction mimetic" in model organisms (17, 46) as well as in mammalian systems (29) . In that regard it is important that the antioxidant effects of caloric restriction are, at least in part, mediated by Nrf2 (30) .
To test our hypotheses, we assessed Nrf2 activation in response to resveratrol treatment in cultured primary human CAECs. We characterized the effect of disruption of the Nrf2/ARE pathway on resveratrol-induced attenuation of endothelial ROS production and induction of antioxidant gene expression. We also determined whether resveratrol, via Nrf2, inhibits the induction of apoptosis by oxidative stress in cultured endothelial cells. For oxidative stressors we used high glucose, which generates large amounts of ROS in the mitochondria (25, 31) , and TNF-␣, which activates NAD(P)H oxidases (36) . The relevance of the effects of resveratrol in vivo was tested on high-fat diet (HFD)-induced endothelial dysfunction, vascular oxidative stress, and apoptosis in wildtype and Nrf2
Ϫ/Ϫ mice.
METHODS
Cell cultures, knockdown of Nrf2, and Keap-1 overexpression. Cultured primary human CAECs (purchased from Cell Applications) were treated with resveratrol (purchased from Sigma-Aldrich) as previously described (6, 8, 12, 40) . To disrupt Nrf2 signaling, Nrf2 was downregulated by RNA interference using proprietary small interfering RNA (siRNA) sequences (Origen) and the electroporationbases Amaxa Nucleofector technology (Amaxa, Gaithersburg, MD), as we have previously reported (5, 6, 43) . Cell density at transfection was 30%. Experiments were performed on day 2 after the transfection, when gene silencing was optimal. Keap-1 overexpression was achieved in CAECs by transfection with a Keap-1 full-length cDNAencoding plasmid (Origen) as previously described (9) .
Transient transfection and luciferase assays. The effect of resveratrol on Nrf2 activity in CAECs was tested by a reporter gene assay. We used an ARE reporter comprised of tandem repeats of the ARE transcriptional response element upstream of firefly luciferase (SA Biosciences, Frederick, MD) and a renilla luciferase plasmid under the control of the cytomegalovirus promoter (as an internal control). Transfections in CAECs were performed using the Amaxa Nucleofector technology (Amaxa), as we have previously reported (5, 13, 15) . Firefly and renilla luciferase activities were assessed after 24 h using the Dual Luciferase Reporter Assay Kit (Promega) and a Tecan Infinite M200 plate reader.
Quantitative real-time RT-PCR. The quantitative real-time RT-PCR technique was used to analyze mRNA expression of the Nrf2/ ARE target genes Nqo1, Gclc, and Hmox1 in resveratrol-treated CAECs, as previously reported (10, 14, 42, 44) . In brief, total RNA was isolated with a Mini RNA Isolation Kit (Zymo Research, Orange, CA) and was reverse transcribed using Superscript III RT (Invitrogen) as previously described (12, 14) . A real-time RT-PCR technique was used to analyze mRNA expression using the Strategen MX3000, as previously reported (12) . Amplification efficiencies were determined using the dilution series of a standard vascular sample. Quantification was performed using the efficiency-corrected ⌬⌬Cq method. The relative quantities of the reference genes Gapdh, Hprt, and ACTB (␤-actin) were determined, and a normalization factor was calculated based on the geometric mean for internal normalization. Oligonucleotides used for quantitative real-time RT-PCR are listed in Table 1 . Fidelity of the PCR reaction was determined by melting temperature analysis and visualization of product on a 2% agarose gel.
Measurement of resveratrol-induced changes in mitochondrial and cellular ROS production in CAECs.
CAECs were treated with high glucose (30 mM for 24 h) to assess the protective effect of resveratrol on mitochondrial ROS production. Mitochondrial O2 ·Ϫ production in endothelial cells was assessed by flow cytometry (Millipore/Guava Easycyte) using MitoSox red (Invitrogen, Carlsbad CA), a mitochondrion-specific hydroethidine-derivative fluorescent dye, as previously reported (22, 43) . Cell debris (low forward and side scatter), dead cells (Sytox Green and annexin V positive), and apoptotic cells (annexin V positive) were gated out for analysis (25, 26) . The effects of Nrf2 knockdown or Keap-1 overexpression on resveratrol-induced attenuation of high glucose-induced mitochondrial O2 ·Ϫ production were also determined. The data are presented as the fold change in the median intensity of MitoSox fluorescence when compared with the respective controls.
In other experiments oxidative stress was induced in CAECs by TNF-␣ treatment (10 ng/ml for 24 h). To assess the effects of resveratrol on TNF-␣-induced cellular ROS production, we used the cell-permeant oxidative fluorescent indicator dye dihydroethidine (DHE, Invitrogen) as we previously reported (7) . In brief, the cells were washed with warm PBS and incubated with DHE (3 M at 37°C for 30 min). The buildup of DHE fluorescence over time was compared by flow cytometry (Guava Easycyte). The effects Nrf2 knockdown or Keap-1 overexpression on resveratrol-induced attenuation of TNF-␣-induced cellular ROS production were also determined.
Assessment of resveratrol-induced inhibition of apoptotic cell death in CAECs.
To determine the efficacy of resveratrol to protect against oxidative stress-induced apoptosis, CAECs grown in 96-well plates were treated with high glucose (30 mM for 72 h). After the treatment period, the ratio of terminal deoxynucleotidyl transferasemediated nick end labeling (TUNEL)-positive cells, a marker of apoptosis, was determined by flow cytometry (Guava Easycyte) using the Guava TUNEL Assay (Millipore) according to the manufacturer's guidelines. The effects of Nrf2 knockdown or Keap-1 overexpression on resveratrol-induced attenuation of high glucose-induced apoptosis were determined.
Animal studies. Male ICR wild-type mice (Nrf2 ϩ/ϩ ) were purchased from Taconic, and male Nrf2 knockout mice on an ICR background (Nrf2 Ϫ/Ϫ ) were obtained from a well-characterized colony (30) at the National Institute on Aging. In this study only male mice were studied to exclude the possible confounding effects of the estrous cycle in females. The mice were housed in an environmentally controlled vivarium with unlimited access to water and a controlled photoperiod (12-h light:12-h dark). Body weight was recorded biweekly. All mice were maintained according to National Institutes of Health's guidelines, and all animal use protocols were approved by the Institutional Animal Care and Use Committees of the participating institutions. At 20 wk of age, mice were assigned to three groups and were fed a standard AIN-93G diet or AIN-93G modified to provide 60% of calories from fat (HFD) or a HFD plus resveratrol (2.4 g resveratrol per kg diet), as described previously (29) . The Nrf2 (n ϭ 10) and Nrf2 Ϫ/Ϫ (n ϭ 15) mice fed HFD ϩ resveratrol trended toward a decrease with weight gains of 33.0 Ϯ 4.3% and 31.8 Ϯ 4.3%, respectively. Resveratrol significantly decreased body weight gain percentage when the genotypes were pooled (P Ͻ 0.05). There was considerable variation in weight gain in the mice, and the intent of the studies was to determine the influence of resveratrol and Nrf2 on endothelial function, independent of body weight gain differences. Therefore, we selected a cohort of mice (n ϭ 6) from the larger population with a mean body weight percent gain of ϳ40%. The mean body weight percent gain of the cohort analyzed in Figs. 3 and 4 was 40.6 Ϯ 4.7% and 40.3 Ϯ 4.6% for Nrf2 ϩ/ϩ mice fed the HFD and HFD ϩ resveratrol diets, respectively, whereas the HFD-fed Nrf2 Ϫ/Ϫ mice gained 42.3 Ϯ 4.1% and resveratrol-fed Nrf2 Ϫ/Ϫ mice gained 41.8 Ϯ 4.6%. There were no significant differences in body weight percentage gained for this cohort (P ϭ 0.987), which indicates that the results in Figs. 3 and 4 are independent of body weight gain differences.
Assessment of the effect of resveratrol treatment on microvascular endothelial function. The animals were euthanized at 36 wk of age, and skeletal muscle arterioles were prepared as previously described (37, 38, 41) . In brief, the gracilis muscle was removed and arterioles were isolated using microsurgery instruments. The arterioles were mounted onto two glass micropipettes in a vessel chamber and pressurized to 60 mmHg. The inner arteriolar diameter was measured with a video micrometer system and continuously recorded using a computerized data acquisition system. All vessels were allowed to stabilize for 60 min in oxygenated (21% O 2-5% CO2, balanced with N2) Krebs buffer (at 37°C). After the equilibration period, during which spontaneous myogenic tone (ϳ50%) developed, the arteriolar dilation to cumulative doses of acetylcholine (10 Ϫ9 to 10 Ϫ6 mol/l) was measured.
Measurement of vascular ROS production. Cellular ROS production was measured fluorometrically in femoral arterial segments using the Amplex red/horseradish peroxidase assay in the presence of PEG-SOD as previously described (11) . The H 2O2 generation rate, normalized to tissue mass, was compared by measuring the time course of the buildup of resorufin fluorescence for 60 min by a Tecan Infinite M200 plate reader.
Assessment of apoptotic cell death in vascular tissue. To determine the effect of Nrf2 depletion on the antiapoptotic effects of resveratrol in vivo, segments of the femoral arteries were lysed and cytoplasmic histone-associated DNA fragments, which indicate apoptotic cell death, were quantified by the Cell Death Detection ELISA Plus kit (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's protocol as previously described (10, 40) . The results are reported as arbitrary optical density units normalized to protein concentration.
Caspase-3/7 activities in tissue lysates were measured using Caspase-Glo 3/7 assay kits according to the manufacturer's instruction (Promega, Madison, WI) as previously reported (10, 40) . In 96-well plates, a 50-l sample was gently mixed for 30 s with 50 l Caspase-Glo-3/7 reagent and incubated for 2 h at room temperature. The lysis buffer with the reagent served as blank. Luminescence of the samples was measured using an Infinite M200 plate reader (Tecan, Research Triangle Park, NC). Luminescent intensity values were normalized to the sample protein concentration.
Data analysis. Gene expression data were normalized to the respective control mean values. Statistical analyses of data were performed by Student's t-test or by two-way ANOVA followed by the Tukey's post hoc test, as appropriate. P Ͻ 0.05 was considered statistically significant. Data are expressed as means Ϯ SE.
RESULTS

Resveratrol increases transcriptional activity of Nrf2 and upregulates Nrf2/ARE-driven genes in CAECs.
To determine the effect of resveratrol on Nrf2 activation, we transiently transfected CAECs with a Nrf2/ARE-driven reporter gene construct and then treated the cells with resveratrol. A significant, concentration-dependent increase in luciferase activity over the vector control was noted upon stimulation with resveratrol (Fig. 1A) . Resveratrol, in a concentration-dependent manner, also significantly increased mRNA expression of the known Nrf2 targets Nqo1, Gclc, and Hmox1 (Fig. 1B) . Overexpression of Keap-1 or siRNA knockdown of Nrf2 prevented resveratrol-induced upregulation of Nqo1, Gclc, and Hmox1 (Fig. 1C) .
Nrf2 contributes to the antioxidative effects of resveratrol in CAECs. A series of experiments was conducted to examine the role of Nrf2 in the effects of resveratrol on the production of ROS in CAECs. First, MitoSox fluorescence intensities in CAECs were compared using flow cytometry ( Fig. 2A) . We found that high-glucose treatment elicited substantial increases in MitoSox fluorescence in CAECs (Fig. 2A) . Pretreatment of cells with resveratrol (for 24 h) significantly attenuated MitoSox fluorescence in CAECs treated with high glucose (Fig. 2A) . In contrast, in CAECs with an overexpression of Keap-1 or siRNA knockdown of Nrf2, resveratrol failed to significantly attenuate Fig. 1 . A: reporter gene assay showing the effects of resveratrol on nuclear factor-E2-related factor-2 (Nrf2)/antioxidant response element reporter activity in cultured primary human coronary arterial endothelial cells. Cells were transiently cotransfected with antioxidant response element-driven firefly luciferase and cytomegalovirus-driven renilla luciferase constructs followed by resveratrol (Res) treatment. Cells were then lysed and subjected to luciferase activity assay. After normalization, relative luciferase activity was obtained from 4 to 6 independent transfections. Data are means Ϯ SE. The effect of Res was significant (P Ͻ 0.05) at each concentration used. B: effect of Res on mRNA expression of NAD(P)H:quinone-oxidoreductase 1 (Nqo1), ␥-glutamylcysteine synthetase (GCLC), and heme oxygenase-1 (Hmox1) in cultured primary human coronary arterial endothelial cells. Data are means Ϯ SE; n ϭ 5 in each group. The effect of Res was significant (P Ͻ 0.05) at each concentration used. C: the effects of small interfering RNA (siRNA) downregulation of Nrf2 (siNrf2) or overexpression (Overexp) of Kelch-like erythroid cell-derived protein 1 (Keap-1) on Res (10 mol/l)-induced mRNA expression of Nqo1, Gclc, and Hmox1 in cultured primary human coronary arterial endothelial cells. Data are means Ϯ SE; n ϭ 5 in each group. *P Ͻ 0.05 vs. control; #P Ͻ 0.05 vs. Res only.
high glucose-induced increases in MitoSox fluorescence ( Fig.  2A) . Similar results were obtained when DHE fluorescence was compared in CAECs (Fig. 2B) . We found that treatment with TNF-␣ elicited substantial increases in DHE fluorescence in CAECs (Fig. 2B) . Pretreatment of CAECs with resveratrol prevented TNF-␣-induced increases in DHE fluorescence (Fig.  2B) . In contrast, in CAECs with an overexpression of Keap-1 or siRNA knockdown of Nrf2, resveratrol failed to attenuate significantly TNF-␣-induced increases in DHE fluorescence (Fig. 2B) .
Nrf2 contributes to the vasoprotective effects of resveratrol in HFD-fed mice. We compared male Nrf2
ϩ/ϩ and Nrf2 The HFD elicited significant vasodilator dysfunction in arteriolar branches of the femoral artery in both Nrf2 ϩ/ϩ and Nrf2 Ϫ/Ϫ mice, as shown by the impaired dilator responses to acetylcholine (Fig. 3, A and B) . Resveratrol treatment restored acetylcholine-induced dilations to control levels in arterioles of HFD-fed Nrf2 ϩ/ϩ mice (Fig. 3A) . In contrast, resveratrol treatment resulted only in a partial improvement of acetylcholine-induced dilations in arterioles of HFD-fed Nrf2 Ϫ/Ϫ mice, and the difference between acetylcholine-induced responses in these vessels and those from control diet-fed Nrf2 Ϫ/Ϫ mice remained significant (Fig. 3B) .
Vascular ROS generation was measured by the Amplex red/horseradish peroxidase method. We found that a HFD significantly increased ROS production in the femoral arteries of both Nrf2 ϩ/ϩ mice and Nrf2 Ϫ/Ϫ mice. Resveratrol treatment restored vascular ROS production to control levels in Nrf2 ϩ/ϩ mice (Fig. 3C) . In contrast, resveratrol treatment resulted only in a partial attenuation of ROS production in vessels of HFDfed Nrf2 Ϫ/Ϫ mice, and the difference between ROS production in these vessels and those from control diet-fed Nrf2 Ϫ/Ϫ mice remained significant (Fig. 3C) .
Nrf2 contributes to the antiapoptotic effects of resveratrol. In CAECs, high-glucose treatment elicited substantial increases in the rate of apoptotic cell death, as indicated by the increased number of TUNEL-positive cells (Fig. 4A) . Resveratrol treatment significantly decreased the number of apoptotic cells, an effect that was prevented by siRNA knockdown of Nrf2 (Fig. 4A) . To assess the in vivo relevance of our findings, we assessed markers of apoptosis in homogenates of femoral arteries from mice in each group. We found that the HFD promoted apoptosis, indicated by the increased rate of DNA fragmentation (Fig. 4B ) and caspase-3 activity (not shown) in vessels of both Nrf2 ϩ/ϩ mice and Nrf2 Ϫ/Ϫ mice. Resveratrol treatment prevented vascular apoptotic cell death in Nrf2 ϩ/ϩ mice, indicated by the normal levels of DNA fragmentation (Fig. 4B ) and caspase-3 activity (not shown). In contrast, resveratrol treatment failed to prevent apoptosis in vessels of HFD-fed Nrf2 Ϫ/Ϫ mice (Fig. 4B) .
DISCUSSION
Resveratrol exerts significant vasoprotective effects in pathophysiological conditions associated with the increased production of ROS (4, 9, 27, 29, 39, 48) . However, the mechanisms that contribute to the endothelial protective effects of resveratrol are only partially understood. Here we provide evidence that in human CAECs, resveratrol increases the transcriptional activity of Nrf2 and upregulates several AREregulated genes involved in free radical metabolism in an Nrf2-dependent manner (Fig. 1) . The concentrations of resveratrol, which elicit significant Nrf2 activation (Fig. 1) and Nrf2-dependent induction of major cellular antioxidant enzymes (39, 40) , effectively attenuate cellular and mitochondrial oxidative stress in cultured endothelial cells (Fig. 2) . The findings that the knockdown of Nrf2 or the overexpression of Keap-1 abrogate the protective effects of resveratrol against high glucose-and TNF-␣-induced oxidative stress (Fig. 2, A  and B) provide direct evidence that in vascular endothelial cells, Nrf2 contributes to the antioxidative action of resveratrol. The concentration range of resveratrol in which it activates Nrf2 is physiologically relevant. Although such levels are not generally achieved through the consumption of Mediterranean diets or red wine, when resveratrol is used as a dietary supplement, it can achieve micromolar levels in the plasma (2) . It is significant that in endothelial cells and other cell types (3, 18, 24, 32) , resveratrol activates Nrf2 and attenuates oxidative stress at lower concentrations than the resveratrol levels needed for activation/induction of silent information regulator 2/sirtuin 1 (SIRT1) in vitro (17, 46) . Interestingly, recent studies called into question the ability of resveratrol to directly activate SIRT1, raising the possibility that resveratrol acts on a target upstream from SIRT1 (28) . Because the interaction between Nrf2 and SIRT1 in endothelial cells is not well understood, future studies are warranted to elucidate whether Nrf2 contributes to the resveratrol-induced upregulation of SIRT1 in endothelial cells.
As noted previously, we have demonstrated that resveratrol effectively attenuates vascular oxidative stress and improves endothelial function in animal models of type 2 diabetes and the metabolic syndrome (29, 48) . Results from the present study show for the first time that the genetic depletion of Nrf2 abrogates the ability of resveratrol to improve endothelial function (Fig. 3, A and B) and prevent oxidative stress in HFD-fed mice (Fig. 3C ). These findings demonstrate that Nrf2 is a physiologically important mediator of the vasoprotective effects of resveratrol. Previous studies have attributed some of the vascular effects of resveratrol to the activation of estrogen receptors (20) , but their role in resveratrol-induced Nrf2 activation is not understood. Recent studies suggest that resveratrol can recapitulate many of the molecular events downstream of caloric restriction in vivo (29, 33) . In that context, it is significant that caloric restriction also induces Nrf2-driven genes in various tissues (30) . It should be noted, however, that resveratrol is also likely to exert vasoprotective effects, which are likely to be independent of the direct induction of Nrf2 in the vascular wall. For example, resveratrol was reported to induce endothelial nitric oxide synthase, increasing the synthesis and bioavailability of nitric oxide (8, 45, 48) , and to downregulate NAD(P)H oxidases, which likely also contribute to the vasoprotective effects of resveratrol in type 2 diabetes (34, 48) and aging (29) . In addition, resveratrol may also regulate microvascular function indirectly through the modulation of the paracrine/endocrine function of adipose tissue (47, 49) .
In addition to clarifying the role of Nrf2 with respect to the attenuation of endothelial oxidative stress and the improvement of endothelial function by resveratrol, the results of our studies provide strong evidence that Nrf2-dependent mechanisms also contribute to the prevention of programmed endothelial cell death by resveratrol treatment. Several lines of evidence support this intriguing point of view. First, the molecular disruption of Nrf2 signaling abrogates the antiapoptotic effects of resveratrol in cultured endothelial cells (Fig. 4A) . Second, our previous studies demonstrated that in human CAECs, resveratrol induces the Nrf2 targets catalase, glutathione peroxidase, and heme oxygenase and the pharmacological inhibition of these enzymes also significantly attenuates resveratrol-mediated protection against oxidative stress-induced apoptosis (40) . In keeping with this point of view, we previously found that resveratrol treatment in vivo also attenuates endothelial apoptosis in HFD-fed mice, which is associated with a reduction of oxidative stress (29) . The findings that the genetic depletion of Nrf2 abrogates the antiapoptotic effects of resveratrol in vascular tissues of HFD-fed mice (Fig. 4B) provide further evidence that resveratrol exerts its vasoprotective effects, at least in part, via Nrf2-dependent pathways.
Conclusion. The results of this study suggest that the activation of the Nrf2/ARE pathway has a critical role in the endothelial protective effects of resveratrol both in vitro and in laboratory animals. Resveratrol concentrations sufficient to activate Nrf2 in vitro are achievable in humans by the consumption of dietary supplements containing resveratrol (2). Thus we posit that the activation of Nrf2-driven pathways by resveratrol treatment can importantly contribute to an intervention strategy for the prevention of cardiovascular diseases in humans as well. 
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